Abstract-Using absorber-emitter modules, solar thermophotovoltaic (STPV) systems could potentially break through the Shockley-Queisser limit.
INTRODUCTION
The reduction of fossil fuel supplies forces people to find new alternative energy sources. Solar energy, as an emerging renewable energy source, has received increasing attention: converting solar energy into electricity is becoming a common method to use solar power. In particular, solar photovoltaic technology is considered one of the most promising technologies and is now widely used around the world. By 2020, it is expected that the cumulative installed capacity of the global PV system could be between 490 and 716 GW, but in the energy structure ratio it is still less than 1%. In addition to high construction costs, there is a fundamental reason for the low efficiency of solar energy conversion.
The primary factor limiting the conversion efficiency of a solar cell is the Shockley-Queisser efficiency limit (SQ limit), which contains two main intrinsic loss mechanisms: sub-bandgap radiation loss, in which sub-bandgap photons cannot be absorbed to excite electron-hole pairs, and the thermalization loss resulting from emission above the bandgap causing electrons to have extra irregular thermodynamic movement. Theoretically, at room temperature, the maximum efficiency of an ideal single junction cell is no higher than 41% at maximum concentration, and it will likely fall to 25% for lower concentrations [1] .
In order to further improve the utilization of solar power, a large number of studies have been carried out. One idea is to fabricate multi-junction PV cells with multiple semiconductor materials to match the solar spectrum, broadening the effective spectral width by splicing multiple bandgap materials. With adequate fusion bands, the utilization efficiency of solar energy, in theory, can reach a limit of 86.8% [2] . However, this technology is not yet mature, and it is complex and costly and only 43% efficiency has been achieved in the laboratory [3] . Another solution is to transfer the sun's rays into selective thermal radiation with intermediate structures and emit them towards a solar cell directly above the bandgap, known as solar thermophotovoltaics (STPV) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . To a single junction cell, the theoretical efficiencies of this device have been shown up to 54% for non-concentrations and 85% for full concentration [12] .
As shown in Fig. 1 , the intermediate structure consisting of an absorber-emitter pair, which is the key component for the solar thermal photovoltaic technology, is specifically designed to have spectral selectivity: the absorber's absorption spectrum should cover the entire solar spectrum, while the longwavelength radiation should also be suppressed to reduce the system's radiation loss; the emitter's radiation spectrum should be higher (but could not be too much higher) than the bandgap wavelength (to avoid extra thermalization loss). Such design could efficiently avoid the intrinsic loss mechanisms of SQ limit, and finally, the useful energy gets to the PV cell could reach a very high proportion. Besides the designed excellent spectral selectivity, another essential point is that the intermediate structure should withstand high temperatures, as its performance is limited by the melting points of the construction materials. Therefore, refractory materials are preferred, such as tungsten (W) and tantalum (Ta), whose melting points are not less than 3000 K. At present, many studies have been based on tungsten or tantalum to design the absorber and emitter devices [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , but the general efficiency is still not high enough. Furthermore, some of the designs use low-melting point dielectric materials to improve the system's performance [21] [22] [23] [24] [25] , which will apparently limit the application of STPV devices. Therefore, the STPV system still has much to be improved in some respects.
In this paper, we design an absorber-emitter module based on refractory material for a λ P V = 1.53 µm solar cell to overcome the weaknesses mentioned above. The proposed absorber is composed of W triangles in a hexagonal close-packed array on a W substrate, which can effectively capture solar light of wavelength less than 2 µm. This feature gives full play to the intrinsic absorption of tungsten material, makes the broadband absorption spectrum close to 100%, and covers almost the entire solar spectrum (AM1.5). The proposed emitter is composed of Ta nano-squares in square array on a Ta substrate. The intrinsic absorption of Tantalum is weaker than tungsten, and it is suitable for the design of a narrow-band emitter. Our optimized emitter can emit light with optimal bandwidth, which keeps the PV cell from producing extra thermalization loss. We have also calculated their electric field distributions at special frequency points to show the inner mechanisms. The sensitivity to the polarizations and incident angles has also been studied, and it is found that their performances are fairly stable. All of the quantitative full-field electromagnetic simulations were conducted with the finite-difference time domain (FDTD) method by using the commercial software of Lumerical FDTD Solutions.
Finally, we have calculated the solar cell efficiency of our design based on SQ analysis [1] . In the efficiency calculation, we introduce the impedance matching factor and the ratio of open-circuit voltage and band-gap voltage so that the calculation results are more realistic. It is calculated that the solar cell efficiency can be up to 51% with increased operating temperature, while taking into account the relationship between the sun focus and the structure's working temperature the efficiency will be reduced slightly, to about 45%. The solar energy efficiency of our design will break through the traditional efficiency limits for solar cells (41%) over a broad range of solar concentrations.
ABSORBER DESIGN
In solar thermophotovoltaic systems, the absorber is responsible for absorbing the incident light and determines the system's total input energy. Therefore, the absorber's capacity for sunlight absorption must be strong enough, which requires that the absorption range can cover the entire solar spectrum, such as AM1.5 from 0.3 µm to 2.5 µm. Absorbing solar energy as far as possible across the spectrum can increase the thermal equilibrium temperature of the absorber-emitter module so that the emitter can output a higher quality photon energy. At the same time, the heat radiation loss of the absorber itself should be prevented in order to ensure a sufficiently high thermal equilibrium temperature. According to Kirchhoff's law, an object emits as much radiation as it absorbs in thermal equilibrium, therefore the absorptivity of the absorber in longer wavelengths should be weaker. These requirements indicate that an ideal solar energy absorber should have zero absorption outside the cut-off wavelength and complete absorption within the cut-off wavelength. However, in actual design, the absorption outside the cutoff wavelength cannot be exactly zero, so the selection of the absorber's cut-off wavelength must give consideration to both the absorption and energy loss. In addition, the absorber design should also use high-temperature materials in fabrication, as the operating temperature is usually higher than 1500 K. At present, many studies have been done on spectral selective absorbers based on tungsten and tantalum, such as microporous structures [18] [19] [20] and pyramid structures [16, 21, 22] , but their absorption efficiency is still not outstanding enough; these structures often require a much higher aspect ratio. For example, the structure in Ref. [20] requires a pore diameter of 1.45 µm and a hole depth of 8 µm, which is difficult to realistically produce.
At the same time, it should also be noted that in the thermal photovoltaic solar cell system, the absorber usually works with a focusing lens to allow adequate light energy to be collected. With increased focusing, the amount of light with large incident angles will also increase, so the design of the absorber should consider its dependence on the incident angle and polarization. In the case of large-angle incidence, the particle structure can be applied to the structural design to ensure that the area of interaction between the structure and light cannot be reduced, such as spherical particles [25] and pyramidal structures [16] . High refractive index dielectric filling can also be used to improve the performance of microporous structures with poor oblique incidence properties, making it possible for light incident at large angles to enter the interior of the structure by the refraction of light [24] . However, this approach leads to a decrease in the structural tolerance in temperature, as the melting point of the dielectric is not high enough.
Combining the advantages of microporous structures and granular structures discussed above, we propose a curved triangular array structure made of metal tungsten such that the absorber can maintain high light absorption at different angles and polarizations. Our design, as shown in Fig. 2(a) , is composed of a hexagonal close-packed array of cavities with diameter D = 1 µm, gap distance between each triangle g = 100 nm, and depth h = 1 µm. This kind of structure has a shallow cavity, and its aspect ratio is 1, which makes it easy to manufacture and suitable for mass production. For example, inexpensive colloidal sphere template etching technology can be used to make it.
For the simulation, a plane wave propagates along the z direction with the electric and magnetic fields polarized along the x and y directions, respectively. Periodic boundaries are set along the x and y directions, while perfectly-matched layers are added in the z direction. The dielectric constant of tungsten is taken from Ref. [26] .
For normally incident light with x-polarization (θ = ϕ = 0, i.e., electric field parallel to the x-axis), the absorption spectra of W absorber (red line) and bare W slab (blue line) are calculated respectively, as shown in Fig. 2(b) . From the spectrum, we can see such an absorber nearly acts as a blackbody at λ < 2 µm, while its absorptivity is decreased dramatically at longer wavelengths of λ > 2 µm. These absorption characteristics not only allow the absorber to efficiently absorb sunlight, but also suppress the absorber's radiation at the wavelength range longer than 2 µm, which lends itself to excellent solar energy storage capabilities. At λ < 2 µm, compared to the pure semi-infinite tungsten slab, the absorptivity is increased from less than 50% to close 100%, as the hexagonal close-packed structure provides an impedance matching mechanism between free space and tungsten. In Fig. 2(c) , the products of the absorptivity with AM1.5 spectra radiance (gray line) are depicted. As can be seen, the absorber efficiency is above 90% for the AM1.5 spectrum.
In order to further investigate the functional mechanisms of hexagonal close-packed structures in optical absorption, we chose four characteristic absorption peaks to calculate their electric field distributions. As shown in Fig. 3 , we have calculated the electric field distributions of four absorption points (520 nm, 700 nm, 965 nm, and 1770 nm), including a cross-sectional (xy plane) and overhead view (xz plane).
The top row in Fig. 3 shows that the field intensity is increasing with the wavelength, and for the bottom row, we can see that there are 4, 3, and 2 hot spots (different standing wave modes) in the gap between the adjacent triangle particles when the incident light has wavelength λ = 520 nm, λ = 700 nm, and λ = 965 nm, respectively. Here, a simple approximate equation can be used to depict the relationship between the number (m) of the hot spots, the wavelength (λ) of the incident light, and the height (h) of the triangle particles: mλ = 2h. This expression is valid without involving any other parameters of the tungsten nanostructure which means that the triangle particles do not affect the forming of the standing waves, which are mainly caused by the metal gaps. By searching the dispersion relation of tungsten [26] , we can find that the optical properties of tungsten behave more like a dielectric, as the real parts of its permittivity are positive within 1 um, therefore no surface plasmons are excited when the light (λ < 1 µm ) propagates from the air to the air/tungsten interface. Fortunately, the imaginary parts of tungsten's permittivity are relatively large, so although no surface plasmons exist, our design still has excellent light absorption abilities by increasing the contact area with the nanostructure, as shown in Fig. 2(b) . Conversely, when λ > 1 µm, the structure will have the potential to achieve plasmonic oscillation as long as the structural dimensions are proper. In Fig. 3(d2) , two hot spots similar to those in Fig. 3 (c2) can be found in the gap between the nanoparticles, but those in the former are much stronger. There is no doubt that the hot spots in Fig. 3 (d2) were created by localized surface plasmon resonance (LSPR), as the resonance wavelength (1.77 µm) is larger than the structural height, and the electric field enhancement is remarkably high. Returning to the absorber's absorption spectrum ( Fig. 2(b) ), an absorption peak is seen at λ = 1.77 µm, and then rapidly falls as the wavelength increases because the effect of LSPR is particularly sensitive to the structural dimensions; for longer wavelength light, the structure is too small and slab-like, so no other resonance peak arises and no light is confined. The spectral absorber is usually used in conjunction with a focusing lens to absorb as much incident energy as possible, so the absorber should maintain an efficient, spectrally selective absorption at all incidence angles. In other words, the cutoff wavelength should be stabilized at a fixed wavelength (In our design, the cut-off wavelength selected is 2 µm) without excessive bias when the incident angle changes, ensuring that the incident light can be absorbed completely. To confirm this, we have calculated the absorption spectra of our structure at different incident angles and polarizations. Because of the rotational symmetry of the hexagonal close-packed structure, the structure is repeated every 60 • . Therefore, we only calculated two cases, with incident azimuth angle ϕ of 0 • and 90 • . These two cases correspond to the horizontal component of the electric field parallel and perpendicular to the triangle symmetry axis, respectively (as the coordinates shown in Fig. 1 ).
As shown in Fig. 4 , the absorption spectrum of the structure varies with the angle of incidence (from 0 • to 60 • ) under the irradiation of p-polarized and s-polarized light. The absorption spectrum of p-polarized light broadens as the incident angle increases, while the s-polarized case has shown the opposite tendency. As the s-polarized light has a shortcoming in the excitation of plasma resonance, the absorption capacity decreases slightly relative to the p-polarized case. However, the cut-off wavelength can be located at the position about 2 µm without significant fluctuation, which indicates that the structure is insensitive to change of the incident angle and polarization and can maintain the selective absorption ability when the focusing lens is used. The incident angle insensitivity and polarization independence are achieved because the absorption of the structure mainly depends on the coupling between the adjacent triangle particles, as discussed previously. The gap between the particles is constant, which leads to a fixed corresponding resonance wavelength, and then the spectrum is stable enough. 
EMITTER DESIGN
Intuitively, an ideal emitter should provide a sharp cut-off of emitter emissivity at the solar-cell band-gap energy to avoid the thermalization loss that results from the electrons' extra irregular thermodynamic movement while completely suppressing sub-band-gap radiation. So far, most emitters are designed with broadband emission [17] [18] [19] [20] , which have a sharp cut-off of emissivity at the energy of the junction band-gap and do not limit the radiation of higher energy. However, according to [5] and [21] , the detailed balance limit of solar cell efficiency has a peak at a bandwidth of ∼ 0.07 [eV] . Since the charge carrier density is directly proportional to the total flux of above-band-gap photons that the emitter radiates, reducing the emitter bandwidth reduces the open circuit voltage and the impedance matching factor, while increasing the emitter bandwidth reduces the ultimate efficiency. Here, we adopt the emitter design concept as outlined in Refs. [5] and [21] .
In order to achieve narrow band radiation, both shortwave radiation and longwave radiation should be suppressed effectively. Tantalum, a high melting point material, is chosen to manufacture the emitter because of its low emissivity at long wavelengths and its ability to withstand high temperature environments. The basic idea of our selective emitter design is to fabricate nanocavity geometries on the surface of the tantalum plate and take advantage of the localized surface plasmonic effect to trap the light with a specified resonant frequency to create the narrow-band selective emitter. It should be noted that, according to Kirchhoff's law, an object emits as much radiation as it absorbs in thermal equilibrium, therefore it is reasonable we study the emitter's radiation spectrum from calculating its optical absorption. For the following discussion, the emissivity spectra of our selective emitter will be calculated indirectly by obtaining its absorptivity spectra, and the emission mechanism will also be discussed from its ability of trapping light.
The geometry of our selective emitter, which is made of Ta nano-squares in square array on Ta substrate, is schematically shown in Fig. 5 , where a, h and p represent the side length, the height of each square, and the period of the square array, respectively. The red curve in Fig. 5(b) shows the simulated normal emission spectrum of the structure, with geometric parameters a = 470 nm, h = 140 nm, and p = 500 nm, and the permittivity of Ta taken from Ref. [26] . The simulation settings (incident source and boundary conditions) are the same as used in absorber design. A sharp emittance peak appears in the vicinity of 1.25 µm, and the bandgap of the back PV cells we choose here is λ P V = 1.53 µm, as the black dash line indicates in Fig. 5(b) . There is another peak close to 0.5 µm, as shown on the blue curve in Fig. 5(b) , which is the intrinsic emission of Ta verified by the calculated emittance of a bare Ta slab (blue curve).
In our design, besides the longer wavelengths (below the bandgap) radiation that should be suppressed, the shorter wavelength region (above the bandgap) should also be suppressed to reduce the heat effect, which means the first emission peak in Fig. 5(b) is an obstacle for the above purpose. Fortunately however, the short-wavelength radiation is always weak when we normalize the emittance spectra to the blackbody radiation at a certain temperature (e.g., 2000 K, as seen in Fig. 5(c) ). The normalized emittance spectra of our selective emitter (red curve) is the product of the emissivity and the spectral emittance of an ideal blackbody, and we can see that the first radiation peak of the emitter in short wavelength is almost gone. In addition, the suppression of long-wavelength thermal radiation of our design, which has a sharp cut-off for wavelength longer than 1.53 µm (see Fig. 5(c) ), is remarkable.
In order to further investigate the radiation mechanism of the emitter, we have calculated the cross sectional electric field distributions of these two characteristic peaks (λ = 560 nm and λ = 1300 nm), as shown in Fig. 6 . As mentioned previously, the first radiation peak of the emitter originates from the flat tantalum, which fails to excite a localized surface plasmon mode. Approximately 70% of the incident electromagnetic field is converted into surface plasmon waves and propagates along the metal plane, so in Fig. 6(a) no bound field exists. But in Fig. 6(b) , which corresponds to the second radiation peak, we can see a bright electric hotspot at the gap between each square. That is because the gap acts as a resonant cavity: when the frequency of the incident light matches the cavity resonant frequency, the electromagnetic energy is collected and enhanced through electron oscillation. As a result, a significant localized surface plasmon resonant mode is generated, and the optical field is confined tightly by the gap. Due to the intensely powerful photoelectric coupling effect, the light energy is absorbed completely at the center frequency, which indicates 100% radiation, as shown in Fig. 5(b) . By analyzing the electric field distributions of the two radiation peaks, it is shown again that their generation mechanism is different: the former is more related to Ta's intrinsic loss, and the latter is the result of local surface plasmon resonance. A qualified selective emitter should ensure that the emissivity peak is located in the wavelength range λ < λ P V and should be stable when to the emitting angle is varying, which can make the radiation component of STPV function in the absence of a focusing lens and make the whole system more compact. Due to the symmetry of the emitter, we only show the results of two azimuthal angles (ϕ = 0 • and ϕ = 45 • ), and for each azimuthal angle we calculate the spectrum under different polarizations (i.e., p-and s-polarization) for various incident angles from 0 • to 60 • . The simulation results are shown in Figs. 7(a)-(d) for different cases. It can be found that the emissivity peaks (warm color) are consistently located at wavelengths around 1.25 µm and have great ability for long wave radiation suppression (deep blue) for all cases. For Figs. 7(a) and (c), the emissivity peaks broaden as the incident angle is increased because the coupling effect between the light and the structure primarily relies on the electric field. That is, when incident direction of p-polarizations slopes gradually, the vertical component of the electric field will be increased accordingly, and hence the spectrum peak is broadened. From these figures, it is seen that our emitter shows an efficiently selective radiation, independent of incident angle and polarization. Therefore, the emitter could work in a relatively stable and predictable way either with a focusing lens or not.
SYSTEM EFFICIENCY
If the leaked thermal radiation is ignored, the STPV system energy flux through the intermediate module mainly contains four parts: incident sunlight by concentrator (P s ), absorbed energy by absorber (P a ), and thermal emission by absorber (P at ) and emitter (P e ), as shown in Fig. 1(b) . Their expressions can be written as:
Here, A a is the absorber area, and A e is the emitter area. ε a (E, θ, φ) is the absorptivity of the absorber, and ε e (E, θ, φ) is the emissivity of the emitter. I s (E) is the solar irradiance spectrum, which is assumed to be the AM1.5 solar spectrum for subsequent calculations. I BB (E, T ) is the blackbody irradiance spectrum at temperature T . θ c = sin
is half of the incident cone angle, where N s is the number of concentrated Suns and Ω s = 68.5 µSr is the solid angle of the Sun as seen from Earth.
The overall system efficiency can be defined as η stpv = η ae η sc . The first term is the radiation efficiency of converting sunlight into the thermal emission of emitter by the absorber-emitter pair.
It can be expressed as η ae = P e /P s . According to Equations (1) and (4), we know that the independent variables that determine the value of P s and P e are the solar concentrations N s and equilibrium temperature T , respectively. Therefore, the relationship between these two variables should be clarified first before calculating the radiation efficiency. According to the Law of Conservation of Energy, the incoming and outgoing power should be equal at thermal equilibrium temperature T , thus P a (N s ) = P at (T ) + P e (T ). Based on this formula, we can obtain the equilibrium temperature of the absorber-emitter module under incident solar irradiance with different solar concentrations. As shown in Fig. 8(a) , the equilibrium temperature increases with increasing solar concentration, and it will easily go beyond the melting point when the area ratio (A e /A a ) is small. Then, replacing T with N s , the radiation efficiency is plotted as a function of solar concentrations with different area ratios (A e /A a ), as shown in Fig. 8(b) . We can see that as the solar concentration increases, the radiation efficiency rises up rapidly and then flattens gradually. According to these two figures, it can be deduced that a larger area ratio can obtain a greater radiation efficiency and the equilibrium temperature would not exceed the structure's melting point as a result. Therefore, in a practical STPV system, the emitter area should be larger than the absorber area to sustain higher light concentrations and achieve superior intermediate efficiency. In our design, A e /A a = 50 is an excellent choice, at which radiation efficiency exceeds 90%, and the equilibrium temperature is lower than the structural melting point when the concentration is lower than 4.5 × 10 4 times, as seen by the black curve shown in Figs. 8(a) and (b). In this calculation, the thermal emission of absorption edge is ignored except for the lit area, as this loss can be avoided in practical design. For example, we can use mirrors to cover the non-concentrated areas for a planar design [12, 23] , or bend the emitter to increase the area ratio, such as through folding configurations [12] or a cylindrical geometry [21] .
The second term η sc of the system efficiency is the efficiency of generating electrical power from the thermal emission, which is called the solar cell efficiency and controlled by the properties of the emitter and solar cell. It is composed of three parts:
) is the ultimate efficiency and equal to the power contained in excited electron-hole pairs with respect to the incident power. This calculation assumes that one qualified photon (E ≥ E g ) incident on the solar cell can only excite one electron-hole pair with band-gap voltage V g = E g /q (q represents the charge of an electron). The second factor is the ratio between the open-circuit voltage (V op ) and the band-gap voltage (V g ), and it contains a non-ideality factor f . The third factor is the impedance matching factor, which is guaranteed to maximize electrical power output from the solar cell under a choice of the operating voltage. The detailed mathematical expression can be found in Ref. [21] . Assuming that the solar cell is at room temperature T c = 300 K, the non-ideality factor f = 1/2, and the bandgap wavelength is λ g = 1.53 µm (corresponding to the bandgap energy of E g = 0.81 eV), the solar cell efficiency of our structure can be calculated. As shown in Fig. 8(c) , the solar cell efficiency is plotted as a function of the emitter's temperature; the dotted line is the SQ limit efficiency of 41%. Clearly, the solar cell efficiency is shown to break though the Shockley-Queisser limit of 41% over a broad range of emitter temperatures, and it reaches a maximum of 51% at 2600 K. As a comparison, the solar cell efficiency of Ta slab (regarded as emitter) is also calculated.
At last, we multiply the radiation efficiency η ae (when A e /A a = 50) by the solar cell efficiency η sc to obtain the overall system efficiency. The result, as plotted in Fig. 8(d) , shows the overall system efficiency as a function of solar concentration. The efficiency is shown to exceed the SQ limit of 41% over a broad range of concentration values (as the black curve shows). As a comparison, we replace our absorber with a W slab and calculate its system efficiency (red curve); obviously, our design has superior performance, as the absorber design is critical and equally as important as the emitter.
The material's constants used in the discussion above are all at room temperature, which would be different from the actual situation as the high temperature environment may affect the optical properties of the materials. This difference should not be ignored as the absorber/emitter's property might be sensitive to the material's constants, especially when the surface plasmon resonance is used in the design. But unfortunately, it is not easy to experimentally measure the permittivity of W or Ta at high temperatures. One compromise method we used here is to restore the material's high temperature permittivity by fitting the experimentally measured emittance of flat materials [27] via the Lorentz-Drude model as described in Ref. [28] . As the measurement error and some uncertainty in data fitting, the simulation precision would be limited, but it can still address some useful points. Based on this scheme, we have calculated the absorption spectrum of the proposed W absorber and Ta emitter at 2400 K, indicated by dashed and gray solid curves in Fig. 9 , respectively. It can be seen that the absorptivity (i.e., the emissivity) peak of our emitter drops dramatically and could not be treated as a narrow band emitter anymore. Besides, the absorptivity of both absorber and emitter at long wavelength range rise up significantly, which will cause more radiation loss comparing with those results in previous discussion. Such drawbacks will lower the final system efficiency which is calculated here only 28%. Using the restored optical constants above, we re-optimized two new kinds of emitters (named as New Ta emitter and W emitter) to try to improve the high temperature performance of our STPV system, and the optimized absorption spectrums are also shown in Fig. 9 by blue and red curves, respectively. Two new kinds of emitters are still designed by the same architecture as in Fig. 5 , and the optimized geometry parameters are: (a = 380 nm, h = 150 nm, and p = 500 nm) for the New Ta emitter, and (a = 370 nm, h = 160 nm, and p = 500 nm) for the W emitter. Apparently, the curves of New Ta emitter and W emitter are similar, and both could work as a narrow band emitter. The Figure 9 . The calculated absorptivity of W absorber, Ta emitter, new Ta emitter (a = 380 nm, h = 150 nm, and p = 500 nm) and W emitter (a = 370 nm, h = 160 nm, and p = 500 nm) at temperature of 2400 K. The permittivity required for the simulation is restored by fitting the experimentally measured emittance of flat materials [27] via the Lorentz-Drude model. system efficiencies of the two new emitters are improved (31% and 32% by our calculations). Based on the permittivity restored method, although the latest designs at high temperature did not reach our expectations (breaking the SQ limit), it did show the advantages of our proposed structures in STPV system, and it also indicated that more effort should be spent in future on the design of nanostructures using the material constants under high temperature condition to improve the whole STPV system's performance.
CONCLUSION
In this paper, we have proposed an all-metallic nanostructured selective absorber (W) and emitter (Ta) for STPV applications. This proposed selective absorber has approximately unity absorptance below the cutoff wavelength to maximize the absorbed solar energy, and a much lower emittance beyond the cutoff wavelength to minimize the thermal reemission. The proposed selective emitter has a sharp emittance peak at the band-gap, which can not only suppress the sub-band-gap emission, but also restrict the bandwidth of the emission above the band-gap. Both structures are polarization-independent and insensitive to the angle of incidence. We have shown through detailed balance calculation that its solar cell efficiency exceeds the Shockley-Queisser limit of 41% over a broad range of module temperatures. In addition, the structures are simple and easy to manufacture. For instance, the hexagonal close-packed triangular array structure can be achieved by self-assembly lithography, while the square array can be obtained using laser interference exposure method. The structures are made of refractory materials only and no other additional media, meaning that its performance will remain stable and reliable even at high temperatures. All these advantages give this design the potential to be employed in the actual STPV systems.
